within the four major river basins (Choi and Shin, 2002) . NPS pollution abatement is usually focused on land and runoff management practices because the pollutants are generated over an extensive area of land and enter receiving water bodies in a diffused manner. Best management practices (BMPs) have been used to reduce or remove NPS pollutants which enter receiving waters (Line et al., 1999) . However, evaluating impacts of BMPs on hydrology and water quality for a particular condition is difficult mainly due to strong influences by uncontrollable climatic events as well as site-specific characteristics such as soils, topography, and land use (Novotny and Olem, 1994) .
Computer-based modeling has been considered a costeffective tool for evaluating the effect of spatially and temporally changing BMPs because of the advantages in predicting and ranking BMP alternatives prior to their implementation. Deterministic NPS pollution models can be classified into continuous or single-event models depending on the simulated time scale (Borah et al., 2006; Bouraoui and Dillaha, 2000) . The continuous simulation NPS models are needed to estimate the long-term effects of land use changes and watershed management practices (Borah and Bera, 2004) . Borah and Bera (2003) reviewed frequently used watershed-scale hydrologic and NPS pollution models based on model capability, temporal and spatial representation, mathematical strength, and applicability of hydrology, sediment, chemical, and BMP components. Examples of continuous simulation models include AnnAGNPS (Bingner and Theurer, 2001 ), ANSWERS-2000 (Bouraoui et al., 2002) , HSPF (Bicknell et al., 1993) , MIKE-SHE (Refsgaard and Storm, 1995) , and SWAT (Arnold et al., 1998) . However, HSPF is a semi-distributed model, which limits the capability of the model to simulate the impacts of BMP application in different locations within a subwatershed. HSPF also requires intensive model calibration for simulating significant land use changes because it uses conceptual equations and parameters which are not directly linked to the physical conditions of a watershed (Refsgaard and Knudsen, 1996) . Similar to HSPF, AnnAGNPS and SWAT use empirically derived approaches such as curve number (CN) and Universal Soil Loss Equation (USLE) methods for simulating runoff and soil erosion, respectively. The selected methods restrict the capability of the model to simulate spatially and temporally changing BMPs because it is difficult to estimate appropriate CN values and USLE factors for different BMP scenarios (Bouraoui, 1994; Byne, 2000) . As a result, physicallybased and distributed parameter models have advantages in predicting the effectiveness of BMPs (Bouraoui and Dillaha, 1996; Bouraoui and Dillaha, 2000) . ANSWERS-2000 and MIKE-SHE are both physically-based and distributed models. However, extensive requirement of input parameters and lack of available data are known to be limiting factors in applying MIKE-SHE (Bouraoui et al., 1997) . ANSWERS-2000 does not simulate interflow and baseflow contributions to streams (Borah and Bera, 2003) and it may cause difficulty in evaluating the impacts of BMP on subsurface areas and interaction between surface and ground water. As a result, the Dynamic Agricultural Non-point Source Assessment Tool (DANSAT) was developed for evaluating long-term impacts of temporally and spatially changing BMPs on hydrology and water quality at the watershedscale by considering the interaction between surface water and ground water (Cho, 2007) .
Distributed and physically-based model, such as DANSAT, has limitations in applying at watershed-scale because of its intensive input data or parameter requirement and difficulties in analyzing the spatial simulated model outputs.
Development of a user interface to couple GIS with hydrologic models has been the focus of many studies since the early 1990s (Borah and Bera, 2003) . Linkage of GIS and computer simulation models can be classified into these approaches: 1) loose, 2) close, and 3) tight coupling approaches (Tim, 1996 1993; Zhang and Hayes, 1999), and ANSWERS2000 (Veith et al., 2000) . Accordingly, the objective of this paper is to describe the newly developed comprehensive modeling system, which consists of DANSAT and its user interface for assessing impacts of temporally and spatially changing BMPs.
DANSAT was developed to evaluate the spatial and temporal impacts of BMPs on hydrology, sediment, and Table 1 Methods used in hydrology, sediment, and pesticide components of DANSAT Criteria Description
Hydrology
Excess rainfall for overland flow is separated based on Green-Ampt equation (Green and Ampt, 1911) . Potential evapotranspiration is estimated based on Priestly-Taylor method (Priestley and Taylor, 1972) . Actual evaporation and transpiration are separately calculated based on Richie's method (Ritchie, 1972) . Overland flow routing is calculated by combined continuity equation and Manning's equation. Channel flow routing is variable storage routing method (Williams, 1969) . Percolation is based on capacity-based approach by considering the impacts of ponded lower layer (Savabi and Williams, 1995) . Interflow is calculated based on kinematic storage model which is used in the SWAT (Sloan et al., 1983) . Only unconfined aquifer can be considered using similar approach selected in SWAT (Neitsch et al., 2002) .
Sediment
Rill and interrill erodibility are separately calculated based on the WEPP approach (Alberts et al., 1995) . Channel erodibility is calculated based on the simplified rill erodibility approach in WEPP. Transport capacity is estimated based on Yalin's equation (Yalin, 1963) . Sediment routing is considered based on continuity equation (Byne, 2000) .
Pesticide
Degradation is based on the first-order kinetics equation by adjusting based on soil temperature and water content (Truman et al., 1998) . Equilibrium is based on the linear isotherm equation. Overland pesticide routing is calculated based on hydrology output and pesticide concentration by linear isotherm equation. Pesticide movement in ground water is considered based on distance to a nearest stream segment and average velocity of pesticide movement. Pesticide movement by plant uptake, leaching, and interflow are considered.
Dynamic variable
Soil subcomponent predicts hydraulic conductivity, erodibilities for interrill, rill, and channel, critical hydraulic shear for rill and channel (Alberts et al., 1995) ; and wetting front capillary potential (Byne, 2000) . Plant growth subcomponent predicts biomass, Leaf Area Index (LAI), canopy cover and height (Arnold et al., 1995) ; and root depth (Borg and Grimes, 1986) .
Residue decomposition subcomponent predicts decomposition rates of flat, buried, and dead root biomasses (Stott et al., 1995) . . The DSEL of hydrology components predicts water movement during storm events using a user-defined storm event time-step (SET). DSEL contains interception, infiltration, percolation, interflow, baseflow, overland flow, and channel flow sub-components. Between storm events, the water moves in subsurface and channels without any supply of surface runoff from overland areas. BSEL contains percolation, interflow, baseflow, and channel flow routing sub-components. Channel routing related components and subsurface related component such as percolation, pesticide leaching, interflow, and baseflow components are commonly used for both DSEL and BSEL. DANSAT was applied to two agricultural watersheds in Virginia to evaluate the capability of model for considering temporal and spatial impacts of agricultural land management on hydrology and sediment (Cho and Mostaghimi, 2009a) . Temporal and spatial variations in the simulated stream flow were in reasonable agreement with field results while the sediment component showed acceptable agreement only for the watershed where measured stream flow and sediment yield showed better relationship. Field-scale model components with a focus on pesticide were evaluated by simulating water, sediment, and pesticide movement both in surface and through the soil profile (Cho and Mostaghimi, 2009c) . The model performed well in predicting seasonal and total surface runoff, sediment load, and pesticides loads. Movements of percolated water and pesticides in the soil profile were also well reproduced by the model. Limitations of DANSAT were also derived through the field-scale and watershed-scale evaluations.
Hydrology components of DANSAT include interception, evapotranspiration, infiltration and percolation, overland flow, channel flow, interflow, and baseflow components. DANSAT consists of a cell component and a watershedscale component. The cell component uses interception, infiltration, percolation, and evapotranspiration to simulate water and pollutant movement in each single cell. The watershed-scale component routes the water, which are calculated by the cell component, to downstream cells until they reach the watershed outlet. The watershedscale component includes overland flow, channel flow, interflow, and baseflow sub-components. The physicallybased Green-Ampt equation (Green and Ampt, 1911 ) was used to simulate infiltration considering unsteady rainfall. Soil evaporation and plant transpiration were predicted separately using the Ritchie equation (Ritchie, 1972) . The capacity-based percolation subroutine was incorporated to simulate the movement of soil water (Savabi and Williams, 1995) . The remaining water, which excesses the field capacity of each soil layer, is percolated down below soil layers until the percolated water reaches the ground water table. A kinematic storage model for lateral subsurface flow (Sloan et al., 1983 ) was adapted into DANSAT to simulate interflow in subsurface areas. A concept similar to the one used in SWAT (Neitsch et al., 2002) was selected for simulating baseflow. Interflow and ground water inflow, which are simulated by interflow and baseflow components, are added to channel segments as lateral flows for channel routing. Available water in the channel segment is routed to the watershed outlet by the channel routing component using a variable storage routing method, as used by SWAT (Neitsch et al., 2002a ).
Sediment components simulate interrill detachment, rill detachment, channel detachment, transport capacity, overland routing, and channel routing. Physically-based sediment detachment components for overland and channel were adapted. Overland sediment detachment is calculated by separately considering interrill detachment and rill detachment. Available sediments are compared with calculated transport capacity to estimate sediment outflow to the adjacent cells. Yalin's equation was selected to calculate transport capacity for each particle size class. The continuity equation was used to simulate transport of sediment between cells.
The pesticide components simulate pesticide application, degradation, adsorption and desorption, plant uptake, pesticide leaching, pesticide in runoff, interflow, and baseflow. The pesticide component takes into account sediment-bound and dissolved pesticide transport using the capacity-based approach. Pesticide degradation in the soil or foliage is estimated using first-order kinetics, and the degradation rate for a given compound is adjusted based on soil temperature and soil water content. The simple linear equilibrium isotherm equation is used to simulate the interactions between the pesticide chemical and the soil particle surface. Uptake of pesticides by plants was considered as a part of the overall transpiration process. Pesticide movement by interflow was considered based on the amount of water movement and pesticide concentration, which is updated for changes in soil water using the equilibrium isotherm equation. One dimensional transport of pesticide in ground water was calculated based on the distance from a given cell to the nearest channel cell and travel time, which is required for the pesticide peak to reach the nearest stream segment. Tables 2, 3 Cell-based output provides vertical distribution and time series of soil water content and pesticide concentration in one cell at a daily time-step. Vertical distribution of pesticide concentrations provides information about the pesticide movement from surface through root zone after pesticide application. Consideration of multiple soil layers in root zone depth is necessary to evaluate impacts of different tillage and pesticide application methods on water and pollutant transport. Determination of soil layer depth in the intermediate zone (from the bottom of root zone to the ground water table) is also necessary for simulating water and pesticide movement through the intermediate zone to ground water table. In addition, models with multiple soil layers have the advantages of considering plant uptakes of pesticide and crop evapotranspiration at various crop growth stages in root zone. DANSAT defines multiple soil layers based on two different sources: 1) physical soil layer depth, which is typically derived from soil database (SURRGO), and 2) rotation-based soil layer depths, which are defined by combination of tillage application depths, pesticide application depths, maximum Fig. 5a and 5b) . The close coupling approach uses a single common interface for both GIS and the model. GIS and the model exist independently in spite of the common interface ( Fig. 5c and 5d ). Tight coupling, which is also referred to the integrated approach, provides common user interface for both GIS and the model. Both the functionality of GIS and processes of model rely on a single system, thus there is no need to transfer data between GIS and model. In tight coupling, GIS and model rely on a single data manager and share data with computer memory rather than ASCII/Binary files ( Fig. 5e and 5f).
The loose and close coupling approach have been frequently applied in linking GIS and models because of significant requirements of programming efforts for developing a tightly coupled system (Sui and Maggio, 1999) . In addition, GIS-based tight coupling approach may have restrictions in representing detailed hydrologic processes within the selected GIS software. Model-based tight coupling need to have own GIS functionalities within the model interface but the GIS mapping tool may not be comparable to commercial GIS data structures. For both loose and close coupling approaches, GIS-based approach can be dependent on selected GIS software for manipulating spatial data. For example, a number of GIS-AGNPS interfaces including GRASS-AGNPS (He et al., 1993; Line et al., 1997; Srinivasan and Engel, 1994) , Arc/ Info-AGNPS (Liao and Tim, 1997) , and Arc/View-AGNPS (He et al., 2001 ) have been developed for the same model, AGNPS, according to the popular GIS software's such as GRASS, Arc/Info, and Arc/View. Several spatial data manipulation procedures, including watershed and channel network delineation, can be commonly used for different hydrologic models. However, the common GIS functionalities should be repeated within each model interface if GIS functionalities are embedded into a specific model interface within the model-based close coupling approach.
For these reasons, model-based loose coupling method (Fig. 5a ), which may be the most realistic method for developing GIS-model interface, was selected for the DANSAT interface. If the GIS functionalities are separated from the interface, this independency will improve the efficiency in developing an interface and provides users with flexibility in selecting not only the GIS software but also the operating system. In this study, spatially variable A comprehensive modeling system for BMP assessment, including DANSAT and model interface, were described in this paper. The structure of newly developed model is fully distributed in order to enable consideration of the impacts of spatially changing BMPs on hydrology and water quality. Multiple soil layers were considered to evaluate the vertical impacts of different BMPs, such as tillage and pesticide application methods, on pesticide movement in the root zone. The hierarchical structure of input data blocks was designed for considering both spatial and temporal changes in BMPs. To evaluate the impacts of temporally changing BMPs, the physically-based model parameters for reflecting changes in characteristics of soil, crop, and residue cover during the simulation period was combined in rotation data block. Spatially distributed parameters are then combined in cell data block. DANSAT provides a variety of output files for analysis of spatially and temporally distributed simulation results. Overall impacts of implemented BMPs on surface hydrology and water quality are provided in outputs at watershed outlets. Spatially distributed flux outputs are provided by DANSAT to analyze the BMP impacts on spatial distribution of water and pesticide flux form surface to ground water. Cell-based output provides detail information on temporal changes in soil moisture contents and pesticide concentrations at various soil layers and on vertical distribution of soil moisture content and pesticide concentration in the userdefined cells.
Model-based loose coupling was selected for the DANSAT interface in order to improve the efficiency in developing the interface and provides users with flexibility in selecting the GIS software and operating system. The developed interface uses readily available database files from existing hydrologic models and spatially distributed GIS data. The user interface was used for generating intensive input data including rainfall input and rotation, soil, and cell data blocks within the main input. The user is able to select agricultural managements based on the predefined order of management practices.
